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Summary
This thesis describes the implementation of the conditional moment closure (CMC)
combustion model in a numerical scheme and its application to the modelling of
enclosure fires. Prediction of carbon monoxide (CO) in the upper smoke layer of
enclosure fires is of primary interest because it is a common cause of death. The CO
concentration cannot be easily predicted by empirical means, so a method is needed
which models the chemistry of a quenched, turbulent fire plume and subsequent
mixing within an enclosed space.
CMC is a turbulent combustion model which has been researched for over a
decade. It has provided predictions of major and minor species in jet diffusion
flames. The extension to enclosure fires is a new application for which the flow is
complex and temperatures are well below adiabatic conditions.
Advances are made in the numerical implementation of CMC. The governing
combustion equations are cast in a conserved, finite volume formulation for which
boundary conditions are uniquely defined. Computational efficiency is improved
through two criteria which allow the reduction in the size of the computational
domain without any loss of accuracy.
Modelling results are compared to experimental data for natural gas fires burning
under a hood. Comparison is made in the recirculating, post-flame region of the
flow where temperatures are low and reactions are quenched. Due to the spatial
flux terms contained in the governing equations, CMC is able to model the situation
where chemical species are produced in the high temperature fire-plume and then
transported to non-reacting regions. Predictions of CO and other species are in
reasonable agreement with the experimental data over a range of lean and rich
iii
iv
hood-fire conditions.
Sensitivity of results to chemistry, temperature and modelling closures is inves-
tigated. Species predictions are shown to be quite different for the two detailed
chemical mechanisms used. Temperature conditions within the hood effect the for-
mation of species in the plume prior to quenching and subsequently species predic-
tions in the post-flame region are also effected. Clipped Gaussian and β-function
probability density functions (PDFs) are used for the stochastic mixture fraction.
Species predictions in the plume are sensitive to the form of the PDF but in the
post-flame region, where the β-function approaches a Gaussian form, predictions are
relatively insensitive. Two models are used for the conditional scalar dissipation:
a uniform model, where the conditional quantity is set equal to the unconditional
scalar dissipation across all mixture fraction space; and a model which is consistent
with the PDF transport equation. In the plume, predictions of minor species are
sensitive to the modelling used, but in the recirculating, post-flame region species
are not significantly effected.
Nomenclature
ROMAN
A Arrhenius pre-exponential factor; area
a0, a1, a2 coefficients in quadratic enthalpy function
ai Planck mean absorption coefficient of species i
ae, aw, an, as spatial flux coefficients
a+, a− η space flux coefficients
as laminar strain rate
B arbitrary chemical reactant species
C arbitrary chemical reactant species; constant
Cε1, Cε2 constants in the k − ε model
Cµ constant in the turbulent viscosity model
cp constant pressure specific heat
D molecular diffusivity; diameter
Di molecular/thermal diffusivity for ith species
Dt turbulent diffusivity
E chemical reaction activation energy
Eb black body emissive power
F arbitrary function of a stochastic variable
f advective scheme weighting factor; mean of Gaussian PDF (G(η))
Fe, Fw, Fn, Fs specific mass flows across faces of control volume
G(η) Gauss function for mixed/turbulent fluid in an intermittent PDF
v
vi
g gravitational acceleration (-9.81 m/s2); variance of Gaussian PDF (G(η))
gj gravitational acceleration in direction j
Gk turbulent kinetic energy production due to buoyancy
h standardised enthalpy
ho sensible enthalpy at standard reference state
hof enthalpy of formation at standard reference state
hT sensible enthalpy at temperature T
I; Iλ total/monochromatic radiation intensity
Iβ normalising integral in β function PDF
IG normalising integral in clipped Gaussian PDF
I(η) integral quantity in conditional scalar dissipation model
J flux in finite volume equation
k turbulent kinetic energy
k(T ) reaction rate constant
kf ,kr forward and reverse reaction rate constants
l radiation path length
M molar mass
m˙f fuel mass flow rate
N number of species; scalar dissipation
Nη conditional average scalar dissipation
N∗ area under the unscaled NηP˜ (η) curve
n temperature exponent in chemical rate constant
n unit normal vector
P probability density function
p static pressure
Pe Peclet number
pi partial pressure of species i
Pk turbulent kinetic energy production due to Reynolds stresses
Pr Prandtl number
vii
Qi conditional average mass fraction of species i
Qmax,i upper limit of Qi for numerical purposes
qrad; qrad,λ total/monochromatic radiant heat flux
R arbitrary vector
r β-function parameter
Ru universal gas constant
S source term in generic scalar transport equation
s β-function parameter
Sc Schmidt number
T temperature
Th under-hood temperature at the sampling location
Tη; Tη,ad; TηS conditional average temperature; for adiabatic mixture; at stoichiometry
t time
U velocity vector
Uj velocity component in j direction
u axial velocity
V volume
v radial velocity
w, wi chemical reaction rate; for ith species
x spatial coordinate vector
Xi arbitrary chemical species
xj spatial coordinate in j direction
Y ; Yi mass fraction; for ith species
Z sample space variable; standardised variable in mixture fraction PDF
Zclip standardised variable at the boundary of a clipped Gaussian PDF
viii
GREEK
α1, α2 strengths of delta functions in a clipped Gaussian PDF
∆Tη conditional temperature relative to non-reacting baseline
δTηs difference between Tη,ad and Tη at stoichiometry
δ Kronecker operator; delta function
ε rate of dissipation of turbulent kinetic energy
ǫ; ǫ∗ residual; normalised residual
φ general scalar quantity; azimuthal angle in radiation calculations
φh hood equivalence ratio at sampling location
γ ≡ ρP˜ (η) in CMC modelling
η sample space variable for the stochastic mixture fraction variable ξ
ηs sample space variable at the stoichiometric mixture fraction
η0 variable of integration
ηclip η value at the boundary of the solved η range
θ zenith angle in radiation calculations
ϕ general stochastic variable
κ extinction coefficient
κa absorption coefficient
κs scattering coefficient
λ wavelength
µ molecular viscosity
µt turbulent viscosity
µeff effective viscosity (≡ µ+ µt)
ν
′
, ν
′′
reactant and product side stoichiometric coefficients
ρ density
σ Prandtl-Schmidt number; Stefan-Boltzman constant; standard deviation
σε constant in the ε equation
σk constant in the k equation
τij viscous stress tensor
υ sample space variable for the stochastic velocity variable
ix
ξ mixture fraction
ξs stoichiometric mixture fraction (= 0.057 for natural gas fuel)
ψ sample space variable for the stochastic scalar dissipation variable χ
dΩ incremental solid angle in radiation calculations (≡ sin θdθdφ)
SUPERSCRIPT
φ (overbar) Reynolds average
φ˜ (tilde) Favre average
′ turbulent fluctuation with respect to unconditional Reynolds or Favre average
′2; ′˜2 Reynolds; Favre variance
′′ turbulent fluctuation with respect to conditional average
e value at chemical equilibrium
(k) iteration number
xSUBSCRIPT
1 value in the oxidant stream
2 value in the fuel stream
E value at centre of east cell
e value at eastern face of cell
φ value for scalar φ
F fuel species
η conditional average
ηs conditional average at the stoichiometric η
h value at the hood-fire sampling location
i value for the ith species; component in direction i
j component in direction j
K value at centre of neighbouring cell
k value at cell boundary
λ monochromatic value (for one wavelength)
N value at centre of north cell
n index for radiation intensity; value at northern face of cell
O oxidant species
P product species
S value at centre of south cell
s value at the stoichiometric mixture; value at southern face of cell
t turbulent
W value at centre of west cell
w value at western face of cell
− value at the lower boundary between adjacent η grid points
−− value at lower adjacent η grid point
+ value at the upper boundary between adjacent η grid points
++ value at upper adjacent η grid point
xi
ABBREVIATIONS
AMC amplitude mapping closure
CDS central difference scheme
CFD computational fluid dynamics
CMC conditional moment closure
DNS direct numerical simulation
EBU/EDM eddy break-up / eddy dissipation model
DTRM discrete transfer radiation method
GER global equivalence ratio
LES large eddy simulation
LFM laminar flamelet model
LHS left hand side
MMC multilple mapping closure
N-R Newton-Raphson (solver)
ODE ordinary differential equation
PDF probability density function
RANS Reynolds averaged Navier-Stokes (equations)
RHS right hand side
RSM Reynolds stress model
SLFM stationary laminar flamelet model
UDS upwind difference scheme
URF under-relaxation factor
xii
CHEMICAL SPECIES
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
H2 hydrogen
H2O water
HCO formyl radical
M arbitrary 3rd-body species
N2 nitrogen
NOx oxides of nitrogen
O2 oxygen
OH hydroxy radical
Xi general chemical species
SYMBOLS
〈 〉 expected value; ensemble average
〈 | 〉 conditional average
∇υ· divergence operator with respect to all velocity components
Contents
1 Introduction 1
2 Background 6
2.1 Numerical modelling of fires . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Mean and fluctuating quantities . . . . . . . . . . . . . . . . . . . . . 9
2.3 Flow and mixing field . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 Navier-Stokes equations . . . . . . . . . . . . . . . . . . . . . 13
2.3.2 Radiation source term . . . . . . . . . . . . . . . . . . . . . . 14
2.3.3 Reynolds averaged equations . . . . . . . . . . . . . . . . . . . 15
2.3.4 Turbulent viscosity hypothesis . . . . . . . . . . . . . . . . . . 16
2.3.5 k - ε model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.6 Density fluctuations and Favre averaging . . . . . . . . . . . . 18
2.4 Combustion field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.1 The reacting species transport equation . . . . . . . . . . . . . 20
2.4.2 Mixture fraction . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.3 Presumed-form PDFs . . . . . . . . . . . . . . . . . . . . . . . 24
2.4.4 Fast chemistry turbulence models . . . . . . . . . . . . . . . . 25
2.4.5 Laminar flamelet models . . . . . . . . . . . . . . . . . . . . . 28
2.4.6 Conditional moment closure . . . . . . . . . . . . . . . . . . . 29
2.4.7 Joint PDF methods . . . . . . . . . . . . . . . . . . . . . . . . 33
3 Review of Hood-Fire Data and Conditions 35
3.1 Hood-fire experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 35
xiii
CONTENTS xiv
3.2 The modelled conditions . . . . . . . . . . . . . . . . . . . . . . . . . 41
4 Sample Hood-Fire Field Solution 44
5 The Model 48
5.1 The modelled equations . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.1.1 Unconditional quantities . . . . . . . . . . . . . . . . . . . . . 48
5.1.2 Conditional quantities . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.1 Chemical source term . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.2 Conditional temperature . . . . . . . . . . . . . . . . . . . . . 54
5.2.3 Radiation absorption coefficient . . . . . . . . . . . . . . . . . 56
5.2.4 Presumed-form PDFs . . . . . . . . . . . . . . . . . . . . . . . 57
5.2.5 Conditional velocity . . . . . . . . . . . . . . . . . . . . . . . 60
5.2.6 Conditional scalar dissipation . . . . . . . . . . . . . . . . . . 63
6 The Numerical Scheme 69
6.1 Finite volume grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.2 The conditional transport equation . . . . . . . . . . . . . . . . . . . 71
6.2.1 Finite volume equation . . . . . . . . . . . . . . . . . . . . . . 71
6.2.2 Finite difference form . . . . . . . . . . . . . . . . . . . . . . . 76
6.2.3 Advection schemes . . . . . . . . . . . . . . . . . . . . . . . . 78
6.2.4 PDF ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.2.5 Conditional boundary conditions . . . . . . . . . . . . . . . . 80
6.3 Solvers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.3.1 Normalised residuals . . . . . . . . . . . . . . . . . . . . . . . 81
6.3.2 Stiff equation solvers . . . . . . . . . . . . . . . . . . . . . . . 82
6.3.3 Computational efficiency: N-R versus VODE . . . . . . . . . . 86
6.3.4 Hybrid algorithms . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4 Conditional scalar dissipation . . . . . . . . . . . . . . . . . . . . . . 92
6.4.1 Method 1: finite volume equation . . . . . . . . . . . . . . . . 92
CONTENTS xv
6.4.2 Method 2: finite difference equation . . . . . . . . . . . . . . . 93
6.4.3 Computational . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.4.4 Numerical trials . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.4.5 Scalar dissipation for a clipped Gaussian PDF . . . . . . . . . 103
6.5 Unconditional quantities . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.6 Discrete transfer radiation method . . . . . . . . . . . . . . . . . . . 106
6.7 Computational sequence . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.7.1 SLFM library . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.7.2 SLFM field solution . . . . . . . . . . . . . . . . . . . . . . . . 108
6.7.3 CMC field solution . . . . . . . . . . . . . . . . . . . . . . . . 108
7 Optimisation of the Computational Domain 110
7.1 Domain minimisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.2 Narrow PDF cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.3 Numerical trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
7.4 Dynamic spatial computational domain . . . . . . . . . . . . . . . . . 118
7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8 Chemical Mechanisms and Computational Validation 120
8.1 Chemical mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
8.2 Computational validation of kinetics code . . . . . . . . . . . . . . . 121
8.3 SLFM solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
9 Results 128
9.1 Hood conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.2 Model sensitivity to grid fineness . . . . . . . . . . . . . . . . . . . . 131
9.3 Flow and mixing field predictions . . . . . . . . . . . . . . . . . . . . 135
9.3.1 Velocity predictions . . . . . . . . . . . . . . . . . . . . . . . . 135
9.3.2 Turbulence predictions . . . . . . . . . . . . . . . . . . . . . . 136
9.3.3 Mixture fraction, fluctuations and scalar dissipation predictions137
9.3.4 Temperature predictions . . . . . . . . . . . . . . . . . . . . . 139
CONTENTS xvi
9.4 Chemical species predictions . . . . . . . . . . . . . . . . . . . . . . . 142
9.4.1 Review of conditional species transport equation . . . . . . . . 142
9.4.2 Species predictions in a lean hood-fire . . . . . . . . . . . . . . 143
9.4.3 Species predictions in a rich hood-fire . . . . . . . . . . . . . . 147
9.4.4 Comparison with experimental data . . . . . . . . . . . . . . . 149
9.5 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
9.5.1 Chemical mechanism . . . . . . . . . . . . . . . . . . . . . . . 153
9.5.2 Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
9.5.3 Presumed-form PDFs . . . . . . . . . . . . . . . . . . . . . . . 163
9.5.4 Conditional velocity . . . . . . . . . . . . . . . . . . . . . . . 167
9.5.5 Conditional scalar dissipation . . . . . . . . . . . . . . . . . . 169
9.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
10 Conclusion 180
Bibliography 186
A Modelling Specifics 196
B Numerical Specifics 204
List of Tables
7.1 Truncated solution test against full solution. . . . . . . . . . . . . . . 115
9.1 Modelled hood conditions. . . . . . . . . . . . . . . . . . . . . . . . . 131
xvii
List of Figures
2.1 Instantaneous and average velocities. . . . . . . . . . . . . . . . . . . 10
2.2 Scatter plot of temperature against mixture fraction. . . . . . . . . . 23
2.3 Burke-Schumann and equilibrium flame solutions. . . . . . . . . . . . 26
3.1 Schematic drawing of a hood-fire. . . . . . . . . . . . . . . . . . . . . 36
3.2 Experimental species mass fraction versus hood equivalence ratio. . . 38
3.3 Experimental species mass fraction versus hood temperature. . . . . . 39
3.4 The modelled hood-fire geometry. . . . . . . . . . . . . . . . . . . . . 43
4.1 Predicted mixture fraction. . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 Predicted mixture fraction rms fluctuation. . . . . . . . . . . . . . . . 45
4.3 Predicted temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4 Predicted carbon monoxide mass fraction. . . . . . . . . . . . . . . . 46
5.1 Modelled conditional temperature profiles. . . . . . . . . . . . . . . . 55
6.1 Hood-fire spatial grid for conditional and unconditional quantities
and radiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.2 A section of the computational grid. . . . . . . . . . . . . . . . . . . . 72
6.3 η plane used for mixture fraction space. . . . . . . . . . . . . . . . . . 74
6.4 Conditional mass fraction of selected species for adiabatic flamelets. . 87
6.5 Ratio of N-R / VODE convergence rate versus scalar dissipation. . . 88
6.6 Mixture fraction and rms fluctuation fields. . . . . . . . . . . . . . . . 94
6.7 β-function PDF distributions. . . . . . . . . . . . . . . . . . . . . . . 95
6.8 NηP˜ (η) using two numerical methods. . . . . . . . . . . . . . . . . . 96
xviii
LIST OF FIGURES xix
6.9 Scatter plot of N˜∗ versus N˜ using two numerical methods. . . . . . . 97
6.10 I˜(ηs) versus log10 ξ˜
′2 on hood centreline. . . . . . . . . . . . . . . . . 98
6.11 Scatter plot of N˜∗ versus N˜ for standard and refined grids. . . . . . . 98
6.12 Normalised terms in scalar dissipation equation. . . . . . . . . . . . . 99
6.13 NηP˜ (η)/N˜
∗ profiles using two numerical methods. . . . . . . . . . . . 101
6.14 Nη profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.15 Clipped Gaussian PDF distribution. . . . . . . . . . . . . . . . . . . . 104
6.16 NηP˜ (η) distribution using a clipped Gaussian PDF. . . . . . . . . . . 104
7.1 Mixture fraction and rms fluctuation fields. . . . . . . . . . . . . . . . 114
7.2 Comparison of QCO for full and truncated solutions. . . . . . . . . . . 116
7.3 Number of η bins solved for truncated solution. . . . . . . . . . . . . 117
7.4 Unconditional CO convergence rate. . . . . . . . . . . . . . . . . . . . 118
8.1 Modelled conditional scalar dissipation for an opposed-flow flame. . . 122
8.2 Temperature and species mass fraction versus mixture fraction for
OPPDIF and SLFM. . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
8.3 SLFM conditional species mass fractions at varying scalar dissipation
and δTηS = 0K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
8.4 SLFM conditional species mass fractions using GRI at varying tem-
perature and N = 10−4 s−1. . . . . . . . . . . . . . . . . . . . . . . . 127
9.1 Hood-fire flow regions. Predicted mixture fraction and velocity vectors.129
9.2 Matching model and experimental conditions. Hood equivalence ratio
versus fuel supply rate. . . . . . . . . . . . . . . . . . . . . . . . . . . 130
9.3 Matching model and experimental conditions. Hood temperature ver-
sus hood equivalence ratio. . . . . . . . . . . . . . . . . . . . . . . . . 130
9.4 Spatial grid sensitivity tests. Profiles of major quantities using stan-
dard and refined spatial grids. . . . . . . . . . . . . . . . . . . . . . . 132
9.5 Spatial grid sensitivity tests. Predicted Y˜CO using standard and re-
fined spatial grids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
LIST OF FIGURES xx
9.6 Radiation grid sensitivity tests. Temperature profiles for three
DTRM ray configurations. . . . . . . . . . . . . . . . . . . . . . . . . 134
9.7 Predicted unconditional average velocity for φh = 0.81. . . . . . . . . 135
9.8 Predicted average turbulent kinetic energy. φh = 0.81. . . . . . . . . . 136
9.9 Predicted average mixture fraction and rms fluctuation for φh = 0.81. 138
9.10 Predicted unconditional average scalar dissipation predictions. φh =
0.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.11 Predicted unconditional average temperature for φh = 0.81. . . . . . . 141
9.12 Modelled conditional temperature. . . . . . . . . . . . . . . . . . . . 141
9.13 Predicted conditional and unconditional mass fractions of O2, CO2
and CO in a hood-fire with φh = 0.81. . . . . . . . . . . . . . . . . . 144
9.14 Predicted QCO at η = 0.046 in a hood-fire with φh = 0.81. . . . . . . 145
9.15 Predicted conditional and unconditional mass fractions of O2, CO2
and CO in a hood-fire with φh = 1.78. . . . . . . . . . . . . . . . . . 148
9.16 Net production rate of QCO at η = 0.099 versus conditional temper-
ature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
9.17 Predicted and experimental species mass fractions versus hood equiv-
alence ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
9.18 SLFM predictions of QCO in η space at varying TηS and N = 10
−4 s−1.152
9.19 CMC predictions of QCO in η space at four location in the hood-fire
with φh = 1.78. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
9.20 Sensitivity to the chemical mechanism. Predicted unconditional mass
fractions. φh = 0.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
9.21 Sensitivity to the chemical mechanism. Predicted unconditional mass
fractions. φh = 0.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
9.22 Conditional mass fractions of O2, CO2 and CO at four field locations
using the GRI and CER mechanisms. Results are for a hood-fire with
φh = 1.78. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
9.23 Scatter plot of QOH at ηs versus Tη at all locations under the hood
for φh = 0.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
LIST OF FIGURES xxi
9.24 Species sensitivity to chemistry and temperature. . . . . . . . . . . . 160
9.25 Sensitivity to Th. Unconditional species mass fraction for varying Th
in lean and rich hood-fires. . . . . . . . . . . . . . . . . . . . . . . . . 161
9.26 Centreline profiles of T˜ , Y˜CO2 and Y˜CO at varying Th using the GRI
mechanism. φh = 1.78. . . . . . . . . . . . . . . . . . . . . . . . . . . 162
9.27 Mixture fraction and rms fluctuation fields. . . . . . . . . . . . . . . . 163
9.28 PDF distributions at four locations in the hood-fire. . . . . . . . . . . 165
9.29 Vertical profiles of Y˜O2 using clipped Gaussian and β-function PDFs. 166
9.30 Temperature fields using clipped Gaussian and β-function PDFs. . . . 166
9.31 Gradient and liner conditional velocity in η space at four locations in
the hood-fire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
9.32 NηP˜ (η) profiles at four locations in the hood-fire. . . . . . . . . . . . 170
9.33 Nη profiles at four locations in the hood-fire. . . . . . . . . . . . . . . 172
9.34 QCO profiles in η space at four locations in the hood-fire for two
different conditional scalar dissipation models. . . . . . . . . . . . . . 173
9.35 Centreline profiles of Y˜CO for two different conditional scalar dissipa-
tion models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
Chapter 1
Introduction
Fires, in general, are turbulent non-premixed flames and these have been stud-
ied theoretically, experimentally and numerically for decades [10]. The conditions
which distinguish fires from well-researched jet flames and which pose challenges to
successfully modelling of the fluid dynamics and the combustion reactions are as
follows:
1. The fire plume is driven by buoyancy rather than momentum and the mixing
rates can be small;
2. Radiation losses can lead to substantial decreases in temperature with height
along the fire plume, altering the chemical composition and possibly leading
to the quenching of reactions;
3. Fires can be under-ventilated and the lack of oxygen can lead to high levels of
carbon monoxide (CO) which is a major toxicant;
4. The post-flame ceiling smoke layer, which poses the greatest hazard in enclosed
fires, may be cooled considerably below adiabatic conditions by radiation and
convection. Additional air may also be mixed directly into the ceiling layer
away from the fire plume, leading to further reaction and cooling.
Two out of three deaths in building fires are the result of smoke inhalation [36],
and the primary cause of death is CO poisoning. Where death occurs outside the
1
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room of origin of the fire, the ratio is even higher, as CO can be transported through-
out a building with the smoke. The toxicity of CO for humans is due to its bond with
the haemoglobin in blood cells. When CO enters the lungs it is absorbed into the
blood and attaches to the haemoglobin, forming carboxyhaemoglobin. This occurs
in preference to the bond between the haemoglobin and oxygen which is essential
for the transportation of oxygen to the cells.
Some important experimental work has been done to investigate the formation of
CO in fires. A summary of this work can be found in the review article by Pitts [75]
in which he investigates the dependence of species production on a parameter called
the global equivalence ratio (GER). The GER is the equivalence ratio in the upper
smoke layer of a two-layered fire environment. Pitts reviews the studies of fires
burning under hoods by Beyler [5], Lim [57], Toner [87], Morehart [65] and Zukoski
et al. [93], as well as his own experiments in reduced scale enclosures and with
detailed chemical kinetics. He concludes that all the experiments indicate a robust
correlation between the combustion product species concentrations and the GER;
even for cases where air enters the upper layer independently of the fire plume.
Furthermore, these correlations are independent of fuel flow, rate of heat release
and geometry. The correlations do however depend on the type of fuel and the
upper layer temperature.
In a later paper [76] Pitts proposes that there are at least four mechanisms for
CO formation in enclosure fires:
1. quenching of a turbulent fire plume upon entering a (fuel) rich upper layer;
2. mixing of oxygen directly into a rich, high-temperature upper layer with sub-
sequent reaction;
3. pyrolysis of wood in high-temperature vitiated environments;
4. approach to full-equilibrium combustion product concentrations in a rich, high-
temperature upper layer.
To this we might add one more mechanism:
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5. quenching of a turbulent fire plume upon entering a lean upper layer prior to
complete oxidation of CO.
The only mechanisms which are addressed by the GER concept are the first and
fifth. Each of the other mechanisms results in the formation of additional CO. Pitts
concluded that the GER concept provides an estimate for the least CO formed in
an enclosure fire.
This brief introduction to CO in fires suggests that it is a dangerous and only
partially understood product of this type of combustion. In order for correlations
and engineering models to be developed which could improve building and other fire
safety codes, a better understanding of the fundamental mechanisms which lead to
CO in fires is required.
In Australia building codes allow performance based assessment of fire-safety
systems, and Computational Fluid Dynamics (CFD) models are often used to predict
smoke concentrations and visibility for given fire scenarios (e.g. Ref. [42]). Other
computer programs such as zone models have been used to estimate the life-safety
hazards associated with enclosure fires [32]. Apart from major chemical species and
passive tracers to represent smoke, little predictive capability exists for minor species
in fires. The existing work in this area is based on simple test cell correlations [84].
In the case of CO this will not produce satisfactory predictions as Pitts’ GER work
shows.
The difficulty of numerically modelling turbulent reacting flows lies in the cal-
culation of the mean reaction rate which depends upon correlated or uncorrelated
fluctuations in species concentrations and temperature. A number of turbulent
combustion models exist which have been used to predict major and minor species
in a range of jet diffusion flames with varied accuracy. The most studied models
are the eddy break-up model (EBU) [82, 61], stationary laminar flamelet model
(SLFM) [43, 69], unsteady/Lagrangian flamelet models [69, 63, 73], conditional mo-
ment closure (CMC) [48, 46, 51], and joint probability density function (PDF) meth-
ods [62].
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EBU provides a mean turbulent reaction rate as the minimum of a turbulent
mixing rate and a pseudo-mean chemical rate. It cannot employ complex chemistry
containing intermediate species and products of incomplete combustion. EBU is
good for predicting major species only. SLFM requires the least computation of all
the models but is accurate only if chemical reaction rates are much faster than tur-
bulent mixing rates. It can accurately predict major species and some minor species
in the high temperature, near field of many non-premixed turbulent flames [17],
but is less successful for some pollutants and in the cooled post-flame region. The
unsteady flamelet model uses a Lagrangian approach to model individual species.
CMC stems from the fundamental hypothesis that the fluctuating reaction rates in
a turbulent flow can be more accurately modelled by conditioning the species on a
conserved scalar. Despite a very different development the numerical implementa-
tion of CMC is similar to the unsteady flamelet method and both have had success
predicting major and minor species in jet flames and also in elliptic flows such as
those over a bluff body [46]. Joint PDF methods are the most accurate of the above
models, however they are far more computationally complex than the others.
A numerical investigation which improves the predictive capability of CO and
other chemical species in the post-flame combustion product gases of enclosure fires
is proposed. A CFD code coupled with a CMC combustion model is used for this
purpose. Results are compared to data from Toner’s hood fire experiments [87, 93].
The modelling is tested for the conditions where a turbulent plume is quenched upon
entering the upper layer of a lean or rich fire. Other mechanisms responsible for CO
formation [75] are left to others. As well as improving the understanding of fires the
research also tests the CMC combustion model in a new application and improves
both its numerical efficiency and physical reality with submodels for non-adiabatic
conditional temperature and conditional scalar dissipation.
Background information on numerical modelling of fires and on modelling of
turbulent combustion in general is presented in Chapter 2. Particular attention
is given to the Reynolds averaged Navier-Stokes equations, the turbulent viscosity
hypothesis, Favre (density weighted) averaging, the (fuel) mixture fraction, and
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flamelet and conditional moment closure combustion modelling.
Chapter 3 contains a review of hood-fire experiments and CO formation in them.
The modelled experimental hood-fire conditions are discussed in detail. Following
this there is a short chapter (Chapter 4) which presents a sample set of modelled
hood conditions. It provides useful background for the discussion and numerical
trials in later chapters.
Specific details of the coupled mixing and combustion model used in this work
are given in Chapter 5. Attention is given to a conservative form of the condi-
tional species transport equation and to the modelling used for conditional chemical
source terms, conditional temperature, presumed-form PDFs, conditional velocity
and conditional scalar dissipation.
The numerical scheme and linear equation solvers are contained in Chapter 6.
The conservative form of the conditional species transport equation is used result-
ing in a new, finite volume method for CMC. This simplifies implementation of
conditional boundary conditions and as shown in Chapter 7 can improve the com-
putational efficiency of CMC modelling.
Results using two different chemical mechanisms are compared for the hood-
fires. These mechanisms are introduced in Chapter 8. An initial assessment of the
mechanisms is conducted using the stationary laminar flamelet model. The integrity
of the kinetics computations is tested by comparison with results from the Chemkin
flame code, OPPDIF [60].
Hood-fire conditions and species predictions are presented in Chapter 9. Specific
details are given of the flow and species fields at two values of hood equivalence ratio.
Comparison is made with experimental data over a range of equivalence ratios. The
sensitivity of the results to chemistry, temperature and alternative modelling is
discussed. Closing remarks and conclusions are made in Chapter 10.
